Objective: To describe post-CyberKnife W imaging characteristics of liver metastases as an aid in assessing response to treatment, and a novel set of combined criteria (CC) as an alternative to response according to change in size (RECIST). Subjects and Methods: Imaging data and medical records of 28 patients with 40 liver metastases treated with stereotactic body radiotherapy (SBRT) were reviewed. Tumor size, CT attenuation coefficient, and contrast enhancement of lesions were evaluated up to 2 years post SBRT. Rates of local control, progression-free survival, time to progression, and overall survival according to RECIST and CC were estimated.
Introduction
Stereotactic body radiotherapy (SBRT) is a technique that allows the delivery of a precise dose to a tumor while sparing adjacent normal tissues. Its use for cerebral metastases has shown high local control rates of more than 80-90% [1] . The use of stereotaxy in the treatment of intra-abdominal organs, however, has been hampered by the movement of these organs along with respiration. Robotic SBRT with the CyberKnife W System (Accuray Incorporated, Sunnyvale, CA) is a technique that allows tracking of the respiratory motion, thus enabling delivery of the dose with accuracy even while the patient breathes freely [2] .
The standard first-line treatment for liver metastases is surgery. Yet less than 20% of liver metastases are surgically removable because of their often too large size. The difficulty of the surgical access can be due to anatomic localization of the tumor or other associated comorbidities present with the patient [3] . Other available therapeutic options for inoperable liver metastases are intra-arterial chemo-embolization, Y90 radio-embolization, radiofrequency ablation, and ethanol injection [3, 4] . Stereotactic body radiotherapy (SBRT) is an additional alternative modality that has emerged thanks to recent advances in medical technology and robotics, and appears to result in favorable liver tolerance and good response rates [5] [6] [7] [8] [9] .
Following the treatment, monitoring the response to the treatment with imaging is of utmost importance, because under-or over-interpretation of the response may have severe consequences, such as subjecting the patient to unnecessary chemotherapy, or an unnoticed recurrence. Hepatic tumors display certain unusual characteristics upon treatment with SBRT, therefore, interpretation of response using the usual size-based guidelines has been difficult in the case of liver treatments.
In this article, we describe post-therapeutic transformations of secondary hepatic lesions treated with CyberKnife with the objective of identifying new criteria of early response and progression by incorporating these morphological changes.
Subjects and methods

Patients and data
Between July 2007 and November 2010, 103 patients with liver metastases, ineligible for surgery or radiofrequency ablation, underwent SBRT at our center. Inclusion criteria were: WHO performance status score less than 3, four hepatic lesions or less, and initial lesion size smaller than 100 mm. The delivered dose was 40 Gy in four fractions at the beginning, and then increased to 45 Gy in three fractions.
Among these patients, 28 patients were eligible for this study: initial and at least two successive follow-up contrast-enhanced CT (CECT) examinations after treatment, no concomitant chemotherapy, a minimum initial target lesion size of 10 mm, as for RECIST criteria.
The medical records and image data were reviewed retrospectively by our internal review board including one radiologist and two radiation oncologists.
Portal phase images for 28 patients who presented with 40 initial lesions and 163 follow-up evaluations on CECT scans (performed every 3 months after treatment) were reviewed. CT scans were obtained with a 16-detector row CT scanner (Sensation 16; Siemens Medical Solutions). Detector collimation was 1.5 mm. Tube potential was 120 kV, tube current-time product was 185 mAs, pitch was 0.75, section thickness was 5 mm, and reconstruction increment was 5 mm.
Image analysis Lesion size
Lesion sizes were measured at the longest crosssectional dimension of each lesion at each time point. Response for each lesion (LR) was evaluated at each of the 163 follow-up evaluations for each of the 40 lesions as the percent change from the pretreatment evaluation and classified according to the same cut-off points as used for RECIST [10] . The RECIST criteria was also calculated for each patient ignoring other metastatic sites: complete response (CR), disappearance of all hepatic lesions; partial response (PR), more than a 30% decrease in the sum of the longest diameter of hepatic lesions from baseline; stable disease (SD), neither partial response nor progressive disease; and progressive disease (PD), more than a 20% increase in the sum of the longest diameter of hepatic lesions from nadir [10] .
CT Attenuation coefficients
CT attenuation coefficient (density) of each lesion was measured in Hounsfield units (H) by drawing a region of interest circumscribing the margin of each lesion (the hypodense area). In patients scanned using the triphasic technique, the portal venous phase images were used for the lesion density measurements. Before measuring the lesions' CT attenuation coefficients, the reproducibility of different monitors (CT operator's console [Siemens] and workstation in a radiologist's office) were tested using acrylic, water, and air phantoms. No significant differences were found in the CT attenuation coefficients of the phantoms measured on different monitors.
Necrosis was defined as non-enhancing tissue. A maximum increase of 10 H on CT after contrast administration (comparing non-enhancing and enhancing CT scans at the same level of the lesion) was considered necrotic tissue, since this was considered insignificant [11] . Contrast enhancement was categorized based on its shape as explained in the results section under imaging findings.
Treatment response
Two methods were used to assess treatment response of each lesion: the size-based criteria, which was based solely on change in size, and a combination criteria based on the enhancement pattern of the lesion as well as its size. At each follow-up evalaution, a first analysis concerning each individual lesion and a second analysis concerning the status of all lesions for each of the 28 patients (RECIST) were performed. The combination criteria (Table 1) consisted of the following: complete response, disappearance of all lesions or total necrosis (independent of size) (cCR); partial response, more than a 30% decrease in lesion size and no total necrosis and no lobulated enhancement (cPR); stable disease, neither cPR nor cPD (cSD); and progressive disease, more than a 20% increase in lesion size and no total necrosis, or the presence of lobulated enhancement (cPD). For patients with multiple lesions, RECIST criteria was used for all lesions and patients were classified as progressive if a lobulated enhancement was seen for at least one lesion. These patients were classified in complete response only if all of the lesions were necrotic.
Statistical analysis
Demographics and disease characteristics are presented with frequencies and percentages for categorical variables. Continuous variables are presented with medians and ranges.
Response rates are presented with a 95% confidence interval calculated from the binomial distribution. The two classification systems (change in lesion size and combined criteria) were compared using the Stuart-Maxwell test at each of the 163 follow-up evalaution as well as for the 28 patients.
All time-to-event analyses were calculated from the start of treatment. Overall survival times were calculated until death or the cut-off date (November 30, 2010), whichever came first. Time to progression for each patient was calculated until the criteria for progression were met for both the RECIST and combined criteria. Non-progressive patients and those deceased from unrelated causes were censored at last follow-up or at date of death. Progressionfree survival was calculated until the criteria for progression were first met or until death. Patients who did not progress or did not die were censored at last follow-up. Survival rates were estimated with the Kaplan-Meier method.
Results
Twenty-eight patients presented with 40 lesions. Median age was 63.5 years (range, 23-81 years) and 64% were men ( Table 2 ). The primary was colorectal cancer in 19 patients (68%), breast cancer in one patient (3.5%), and other sites for eight patients (28.5%): pneumoblastoma, melanoma, leiomyosarcoma, bronchial carcinoma, pulmonary epidermoid carcinoma, epidermoid carcinoma of the cavum, and endocrine carcinoma of the pancreas. The number of lesions by patient were as follows: 19 patients (68%) had one lesion, seven patients (25%) had two lesions, one patient (3.5%) had three lesions, and one patient (3.5%) had four lesions. The median number of evaluations was 6 (range 3 -28).
Imaging findings Contrast enhancement
At first follow-up, the shape of the lesion was almost always the same: a hypodense center surrounded by a peripheral rim enhancement localized in a large hypodense area with a clearly defined border between the irradiated parenchyma and the normal liver, as schematized in Figure 1a . This large hypodense area was seen in 31/40 lesions. This depended mostly on the interval between the treatment and the first CT; it was no longer observable after 2 months. In one case of hepatic steatosis, this area was observed displaying hyperdensity. On further follow-up, it became increasingly isodense with the normal hepatic parenchyma, and then became hyperdense again while continuously shrinking. This enhancement pattern was present in all patients treated with CyberKnife regardless of prognosis.
After treatment, every lesion displayed a thin rim enhancement at least in one of successive follow-up images (Figures 2 and 3 ). On long-term observation, this appearance remained stable in 30 lesions or, otherwise, assumed a lobulated and thick manifestation resembling a daisy in 10 lesions ( Figure 4 ). Lobulated thick enhancement was first seen at 3.7 months (median 7.6 months, mean 9 months) after treatment. This enhancement increased with time in every lesion that had it. 
Treatment response by the lesion
Change in tumor size at each of the 163 follow-up evaluations along with the necrosis and contrast enhancement information are presented in Table 3 . Size-based criteria identified 11 CR, 71 PR, 52 SD, and 29 PD. According to the combined criteria, there were 23 cCR, 67 cPR, 45 cSD, and 28 cPD. Among the 71 lesions categorized as PR (decrease of more than 30% in size), four lesions were necrotic, 45 were cSD, and 11 were cCR as judged by the combined criteria. All cPR and cSD lesions showed a target-shaped morphology and were distinctly surrounded by a well pronounced rim enhancement, indicating local control, as shown in Figures 1b and 2 . A total of eight (5%) lesions were classified as pseudoprogressive, either because they stabilized after a period of growth or were completely necrotic despite their growth in size (Figures 1c and 3 ). These lesions were among those classified as progressive (three lesions) or stable (five lesions) according to the size-based criteria. In two cases, blood vessels were observed to penetrate these lesions without deformation, attesting to their necrotic nature.
According to the combined criteria, there were 28 (17%) progressive lesions, 26 of which were diagnosed based on a persistent size increase observed over successive imaging and two lesions, although stable in size, showed a lobulated thick heterogeneous enhancement. All of the progressive lesions eventually exhibited a lobulated thick heterogeneous enhancement, indicating strong likelihood for failure (Figures 1d  and 4) .
Treatment response by patient
The complete response rate was 3.6% (95% CI: 0.1-18%) according to RECIST criteria and 18% (95% CI: 6-37%) according to the combined criteria. The distribution of CR between the two sets of criteria were significantly different (McNemar test, p = 0.046): two PDs and two PRs according to RECIST were identified as CR according to the combined criteria (Table 4; Figure 5 ). The objective response rate was 50% (95% CI: 31-69%) according to RECIST criteria and 57% (95% CI: 37-76%) according to the combined criteria. The disease control rate was 60.7% (95% CI: 41-78%) according to RECIST and 64% (95% CI: 44-81%) according to the combined criteria. The classification of progressive disease by the two categories was not significantly different.
Overall survival
Median follow-up was 23.1 months (range 13 -33). Eight patients died (28.6%), six from disease progression and two from other causes (one respiratory failure, one hepatic failure leading to encephalopathy). Median overall survival was not reached. The 1-and 2-year survival rates were 96.4% and 67.8%, respectively (Table 5) .
Progression-free survival
Median progression-free survival for the 28 patients was 19.3 months according to RECIST and 19.1 months according to combined criteria ( Figure 6 ). The 1-and 2-year progression-free survival rates were 67.9% and 47.2% using RECIST, and 71.4% and 43.2% using combined criteria, respectively.
Time to progression
Thirteen patients had progressive disease or died from disease progression according to both classifications. Median time to progression was not reached according to RECIST and was 19.3 month according to combined criteria. The 1-and 2-year time-to-progression rates were, respectively, 67.9% and 50.8% using RECIST, and 71.4% and 49.4% using combined criteria.
Discussion
Assessment of response to an oncologic treatment is usually based on international guidelines such as the World Health Organization (WHO) guidelines or the Response Evaluation Criteria in Solid Tumors (RECIST) group [10, 12] . These criteria are based on the assessment of the change in tumor size after treatment. However, they appear to be less adapted in assessing the efficacy of targeted therapy, such as those for gastrointestinal stromal tumors treated with anti-angiogenic agents [13] .
Functional imaging such as FDG Positron Emission Tomography (PET), contrast enhancement ultrasound (CE US), and diffusion-weighted Magnetic Resonance Imaging (MRI) are sensitive methods which allow an early assessment of metabolic response for different treatments [14] [15] [16] [17] . However, these methods are available at only a limited number of institutions.
Along with other applications, SBRT is an excellent noninvasive option for the treatment of inoperable hepatic tumors [4, 7] .
Imaging studies play an integral role in monitoring response to SBRT [18, 19] . Traditionally, a decrease in tumor size according to the RECIST criteria has been considered CT evidence of treatment response 9, 10]. These criteria Figure 2 Complete response after SBRT for a liver metastasis over successive follow-ups. Before treatment (a); 2 months later (b), we observe changes of the initial phase: target-shaped lesion surrounded by a peripheral enhancement and located in a hypodense area with well delineated demarcation between irradiated and normal liver; CT slices performed at portal phase at 5 months (c); 9 months (d); 12 months (e); and 24 months later (f) show that the center is better circumscribed by a thin rim enhancement, the hypodense area progressively shrank and became hyperdense.
are the international standard to assess response. However, they are often inadequate in interpreting the results following local or targeted therapy [13, [20] [21] [22] [23] [24] .
Acknowledging the limitations of the size criteria, some experts proposed considering lesion enhancement in the evaluation of therapeutic response of malignant tumors, such as modified RECIST (mRECIST) for hepatocellular carcinoma (HCC) [24] , the CHOI criteria for gastrointestinal stromal tumors (GIST) [13] , or the CHUN criteria for colorectal metastases treated with bevacizumab [25] .
In this study, we observed the profile evolution of 40 liver lesions following SBRT. This way, we were able to objectively distinguish the responsive lesions from the progressive ones. The responsive lesions included those with complete necrosis, complete disappearance, partial response, or stabilization; and also the pseudoprogressive lesions that initially increased their size or remained stable and yet were completely necrotic.
Our method for response evaluation combines size, enhancement, and necrosis criteria based on the retrospective observation of SBRT-treated hepatic lesions. Lesions were classified into four categories: CR, PR, and SD for local control, and PD for local recurrence. A response was considered complete if a lesion disappeared, or the remaining tissue appeared completely necrotic regardless of its size. Also according to combined criteria, the occurrence of a lobulated enhancement pattern around the lesion was considered PD regardless of any change in lesion size. A size increase according to RECIST without total necrosis was also considered as progressive disease. For the combined criteria, partial response and stable disease are identical to their counterparts in the RECIST criteria. Owing to measurements unreliability of CT attenuation coefficient for small lesions, we did not consider necrosis criteria for lesions ≤15 mm [26] .
During the course of the study, we observed that if the RECIST criteria were to be applied without question, this may result in misinterpretation of some of the responses to the treatment. For instance, a progressive lesion according to the combined criteria was deemed stable according to RECIST. Some of the perfectly responsive lesions increased in size and were classified as progressive according to RECIST, but we were able to attribute this increase to necrosis, cystic degeneration, hemorrhage, or edema [27] . Therefore, size increase was not enough in and of itself as a criterion to indicate progression. In our study, two patients had lesions which became completely necrotic but increased in size and would have been erroneously categorized as PD based on the traditional size criteria. These lesions did not show any enhancement unlike the really progressive lesions that increased in size yet stayed solid. Therefore, it is sometimes necessary to use more diverse criteria based on the morphological characteristics of a lesion that can be observed on CT. The lobular enhancement pattern we defined in the results section is a morphologic sign based on the lesion enhancement shape that is easy to identify by contouring the outline of a lesion. This pattern seemed to be a sensitive and specific sign for assessment of local relapse, which well correlated with size changes in 9/10 patients. Lobulated enhancement could sometimes allow earlier identification of local recurrence. In 2/10 patients, the lobulated enhancement appeared earlier than size progression, at the same time for 7/10 patients, and later in 1/10 patient. In this last case, the telltale sign was difficult to spot because of the lesion's location that contained no surrounding parenchyma. The determination of the sensitivity and specificity of this pattern needs further studies with a larger number of progressive lesions. This pattern may have been detected earlier than the enlargement in size if an intermediate CT scan between 6th and 9th months had been recorded. In fact, on analysis of the progression-free survival curves, the drop in the curve with the two methods of evaluation occurring between the 6th and 9th months suggests that this period may be important in the surveillance of the lesions, and the insertion of an extra CT scan during this period may be instrumental in earlier detection of a possible failure. This way, an earlier medical intervention could also be initiated.
Total necrosis was also easy to spot by measuring with an objective method the density of the lesion before and after contrast injection: a difference ≤10 H indicated no enhancement, therefore, necrotic characteristics. This method could not be used for small lesions that were <15 mm, in which case the measurements became unreliable. The necrosis criterion allowed the identification of complete response cases 24 months 51 49 that were erroneously classified as progressive based on their size increase. The thin rim enhancement was seen in all lesions in our study. This finding is likely due to the presence of granulation tissue related to inflammatory response to the treatment [28] .Our findings are consistent with the literature. For instance, Olsen et al. [28] have described a zonal pattern of SBRT injury in two patients treated by SBRT and who underwent surgery. Herfarth et al. [29] have described three different types of reaction based on the time of imaging after SBRT corresponding to the histological changes seen in veno-occlusive disease (VOD). The results of our study matches those of Herfarth fairly well. The VOD that was initially seen as a hypodense area would become fibrotic, becoming smaller and denser as seen on successive follow-ups. In only one patient who had a case of fatty infiltration of the liver, the CT showed a relatively increased density of the surrounding area in the portal phase. This has also been described by Yamasaki in 2/31 patients treated by conformal radiation therapy [30] . A distinct border between the target and normal parenchyma was always visible at the treatment margin. This phenomenon also attested to the CyberKnife beams' accuracy of distribution.
There was no statistical difference in classification of progressive disease using RECIST criteria and combined criteria due to the small number of progressive lesions (n = 10 for the combined criteria and n = 11 for RECIST). Nevertheless, the use of the combined criteria led to a more accurate detection of response and progression than the use of RECIST criteria. Among patients with RECIST-identified progressive lesions (n = 11), necrosis and enhancement criteria allowed to differentiate between progressive (n = 9 PD) and pseudo-progressive lesions (n = 2 CR). A display of complete necrosis proves a lesion is in complete response. On the other hand, the lobulated thick enhancement can be useful for confirmation of progression when progression is suspected based on the size criterion. Although the response rates excluding SD according to size criteria were relatively low (46%), in most of the patients (60.7%), the lesion size stabilized after SBRT. A stable lesion is considered beneficial for a patient whose lesion was progressive before the treatment and would have progressed if the treatment had not been implemented. The response rates, including SD, were not statistically different, 61% according to RECIST criteria and 64% according to combined criteria.
In this study, the median survival duration was not reached. The 1-and 2-year overall survival rates were 96% and 67%, respectively. In order to achieve at least 2 years of follow up, we included some patients treated at the beginning of our SBRT practice at which time the patients were treated at a lower dose than in our current practice. However, if we were to report on the complete cohort treated at our center [6] , which included 99 lesions in 72 patients until April 2010, the median progression-free survival was 10.5 months, reached by patients who had failed multiple regimens of chemotherapy. The overall survival rate was 72% at 1 year and 65% at 2 years. These survival results are consistent with those previously reported for patients with unresectable liver metastases [5, 7, 8, 18] . These encouraging results should be considered with the selection criteria for the patients eligible for SBRT in mind. These patients usually have good performance status with long disease history, metastases only in the liver or a limited number of other metastases.
A strategy for the assessment of local response of hepatic metastasis to SBRT is proposed in the algorithm below ( Figure 7) . In ambiguous cases, follow-up studies would either show the resolution of treatment-related inflammatory changes or an area of persistent enhancement or a residual continuously growing tumor.
This retrospective study has the usual limitations associated with this type of studies. Histopathological confirmation of imaging findings after therapy was not attempted because of the potential for sampling error. Furthermore, a biopsy was considered too invasive without significant effect on future management. The patient sample was limited to the patients who had at least 2 years of follow-up and lesions larger than 1 cm. Response was assessed on the data from successive follow-ups conducted during at least 2 years. SD based on imaging at 2 years was considered local control without histopathological confirmation.
The response assessment criteria were developed based on retrospective observation performed by one radiologist. Because the described lobular enhancement pattern is subject to interpretation, it is necessary to further confirm their validity prospectively in a larger population of patients and with many radiologists.
Conclusions
SBRT is an emerging technique for treatment of unresectable liver malignancies, especially liver metastases. The interpretation of post therapeutic imaging features may be challenging for radiologists. The size-based RECIST criteria are not always appropriate in interpreting imaging follow-up of local treatments such as SBRT. Instead we developed a new set of criteria based on a characteristic enhancement pattern on contrast CT combined with the size-based RECIST. These new combined criteria, which need further studies to be validated, may prevent some of the errors that may result from misinterpretation with size-based criteria alone.
